hypervariable region in reservoir hosts. These data suggest similar genetic 1 mechanisms for A. phagocytophilum variation in all hosts but world-wide diversity 2 of the MSP2/P44 outer membrane protein. 
INTRODUCTION 1
Anaplasma phagocytophilum is the causative agent of an emerging tick-2 borne zoonosis, human granulocytic anaplasmosis. The organism infects many 3 species worldwide, including those of rodents, deer, bears, horses, cattle, dogs 4 and sheep (12) . It has been known to cause persistent disease in domestic 5 ruminants (e.g. tick-borne fever in sheep, pasture fever in cattle) for many years 6 (34). In humans, infections are thought to be normally acute, although long-term 7 adverse health outcomes have been recognized even after antibiotic treatment 8 (36). The closely related Anaplasma marginale also causes persistent infections 9 that can last for the lifetime of the host and the mechanisms of persistence have 10 been well-studied recently. Despite a small genome of only 1.2 MB, A. marginale 11 can express multiple variants of two surface proteins, MSP2 and MSP3, during 12 infection (8, 16, 19, 20) . The mechanism appears similar for both MSP2 and 13 MSP3 in that each protein has a unique genomic expression site (3, 31). The 14 msp2 and msp3 expression sites both encode polycistronic mRNA species and 15 these expression sites frequently undergo segmental gene conversion by 16 sequences duplicated from msp2 or msp3 copies elsewhere in the genome, 17 observations are, firstly, that the mosaic complexity of the msp2 and msp3 1 expression sites increases during infection, i.e. fewer segmental changes are 2 required to explain expression site structure early in infection and more are 3 required as infection progresses (21, 31). Secondly, when superinfection with a 4 different strain occurs naturally, the strains that superinfect possess different 5 msp2 pseudogene repertoires compared to those strains that do not (37). This 6 suggests that the ability of A. marginale to persist in individual infections and to 7 cause disease in cattle herds may be related to the extent of combinatorial 8 diversity that can be created in these surface proteins. 9
Although A. phagocytophilum has been less well-studied, there are some 10 similarities between the two organisms. A. phagocytophilum also expresses a 11 major surface protein which is an orthologue of MSP2, which we will term here 12 MSP2/P44 (25, 33, 40). Like MSP2 of A. marginale, MSP2/P44 contains a 13 central hypervariable region and is expressed from a genomic expression site 14 subject to frequent gene conversion by sequence duplicated from msp2/p44 15 copies elsewhere in the genome (4, 27). The promoter regions in the two 16 expression sites have nearly identical sequences (2). There are also differences 17 and sequenced on both strands. The promoter region, which has proven 1 unstable and difficult to clone in previous studies (2), was PCR amplified 2 separately with primers AB 1041 (ATGTCAGTACCGGCATATCTTGAAATC) and 3 AB 1200 (GCATAGAACCCATCGGCTTCAC) to yield an overlapping 331 bp 4 fragment that was sequenced directly, without cloning. 5 6 Sequencing of msp2/p44 expression site variants. DNA from all U.S.-origin 7 samples was amplified by PCR using oligonucleotide primers AB 1000 and AB 8 1001, to amplify a fragment of 1.4 kb containing the expression site msp2/p44 9 gene, as described previously (4). Due to the divergence of expression site 10 sequence in European strains it was necessary to design alternative primers, 11 based on the sequencing data obtained for these strains. DNA samples from 12 dogs infected with Swedish-origin A. phagocytophilum was PCR amplified with 13 oligonucleotide primers AB 1221 (ATAGAACAAGAGCAGGGAGAAGAC), which 14 anneals just 3' to the truncated recA gene and AB 1222 15 (GTGTTGAATCCCGGACATATTGAAG), which anneals in the 5' region flanking 16 the msp2/p44 gene in the expression site. These primers generated a fragment 17 of approximately 1.9 kb. DNA from A. phagocytophilum infecting Norwegian 18 sheep was amplified with oligonucleotide primers AB 1221, and AB 1227 19 (TCTGTCTTGGAGAGTATTGAGTC) which anneals in the 5' region flanking the 20 expression site msp2/p44 gene in these strains, to generate a fragment of ~2kb 21 (Fig. 1) . In all cases, PCR amplified fragments were cloned into the plasmid 22 vector pCR4-TOPO and individual colonies were grown overnight in 96-well deep 23 City, California). The fluorescently labeled extension products were sequenced 4 on both strands using Perkin Elmer/Applied Biosystems automated DNA 5 Sequencers. A minority of the sequences obtained contained small changes in 6 amino acid sequence, such as a single amino acid substitution, or an apparent 7 deletion that resulted in no open reading frame through the msp2/p44 8 hypervariable region. For the purpose of the analyses described here, we did not 9 attempt to determine whether these changes resulted from differences in the 10 original template DNA or were introduced as a result of PCR amplification, clone 11 instability or sequencing errors that were reproduced on both strands. However, 12
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an arbitrary decision was made to include in the alignments all variants with 13 minor amino acid substitutions, so that identities with genome copies would not 14 be missed. Likewise, we excluded from the analysis the expression site University of Florida. Sequence alignments were made initially using PILEUP 2 and similarities displayed using PLOTSIMILARITY and PRETTYBOX. Ka:Ks 3 ratios (nonsynonymous substitutions per nonsynonymous site:synonymous 4 substitutions per synonymous site) were determined with DIVERGE. To align 5 multiple sequences from the sequenced HZ strain genome with expression site 6 sequences ( Supplementary Fig. 1 ), the annotated msp2/p44 genomic loci in 7
GenBank CP000235 were first extracted as a multiple fasta file using ARTEMIS 8 and Sweden, respectively. Oligonucleotide primers designed to flank msp2/p44 5 in the expression site of U.S. strains (4) failed to amplify a product from the 6 European strains, suggesting differences in the sequence of these flanking 7 regions. Subsequent amplifications using different sets of flanking primers did 8 amplify products of the expected size and these products were sequenced and 9 extended in both 5' and 3' directions. Features of the final sequences that were 10 obtained from the European strains suggested that they contained the syntenic 11 expression site to that found previously in U.S. strains of A. phagocytophilum. 12
The DNA sequences were similar to those of U.S. strains in that the MSP2/P44 was seen among U.S. strains alone (Fig. 1) . The sequence differences were 1 particularly noteworthy in the intergenic regions flanking the msp2/p44 gene, 2 hence explaining the previous failure to PCR amplify this genomic expression 3 site using oligonucleotide primers derived from the sequence of U.S. strains. 4 Supplementary Fig. 1) recognized previously (29) . The complete genome sequence of a U.S. (human-derived) strain, HZ, of 10
A. phagocytophilum has recently been published (14). 113 p44 loci were 11
annotated, but some of these are truncated or are short 5' or 3' gene fragments. 12
Within these 113 loci, we identified 94 that had at least one of the conserved 13 regions flanking the central hypervariable region that previous data (28) suggest 14 is required for gene conversion. The presence of at least one of these flanking 15 conserved regions also enables a reasonable alignment to be made. A MatGAT 16 comparison was then conducted that included these 94 genomic p44 loci 17 identified in the complete A. phagocytophilum genome sequence as well as the 18 116 expression site variants from the U.S. and Europe (Supplementary Fig. 1 
). 19
We identified those pairwise alignments having 100% and ≥90% identity, in order 20 not to miss otherwise good matches that differed by only a few amino acids. With 21 the exception of wood rat variants, we could match nearly all U.S.-origin A. 22 phagocytophilum expression site variants with a locus in the sequenced HZ 23 strain (Table 1 ). There were many 100% identities between the different genomic 1 copies and U.S. human or human-derived culture variants (Supplementary Table  2 1). In addition, some A. phagocytophilum variants infecting wood rats or bears 3 in the U.S. matched at ≥90% identity with known genomic copies of the HZ 4 strain. However, this was not the case with the European variants. No 5 alignments were found having ≥90% identity between the genomic loci and the 6 variants identified in A. phagocytophilum infections of Norwegian sheep. There 7 was one match at ≥90% identity between a Swedish dog variant (D1v1) and a 8 (U.S.) genomic copy (aph_1128). Examination of this alignment (Supplementary 9 Fig. 1 ) reveals a very similar hypervariable region that likely results from limited 10 evolutionary divergence of the same donor pseudogene copy. Despite the 11 general dissimilarity between the U.S. strain genomic copies and European 12 expression site variants, the overall structure of the central hypervariable region 13 was maintained in the European strains, in terms of the known signature 14 conserved residues (29). This suggests that while an analogous variation 15 mechanism is used in the European strains, there is diversity in the genomic 16 donor pseudogene repertoire used for gene conversion of the expression site. 17
A second potential contributing factor to MSP2/P44 diversity was apparent 18 from analysis of the A. phagocytophilum populations found in the wood rats 19 sampled at one location in the Hoopa Valley, California. Alignment of msp2/p44 20 expression site sequences from variants found at similar times at this field site 21 revealed the common occurrence of variants with conserved sequence blocks 22 throughout the hypervariable region (Fig. 3) . These wood rat variants had 23 sequence identities varying between 41% and 89%. For example, wood rat #3 1 contained a variant (WR3v1) that was identical to a variant in wood rat #5 2 (WR5v3) except for short segments in the center of the hypervariable region and 3 close to the 5'-conserved sequence. Wood rat #3 also contained a variant 4 (WR3v2) sharing shorter identical segments with WR4v4; similarly, shared blocks 5 of sequence were present in the three variants WR1v1, WR2v2 and WR6v1. This 6 mosaic structure throughout the hypervariable region has been commonly 7 observed in A. marginale infections (3) but not previously in A. phagocytophilum. and Europe, only about 1% had significant identity (defined here as ≥90% identity 19 in the hypervariable region). None of the pairwise alignments with ≥90% identity 20 were between U.S.-and European-origin or between Swedish-and Norwegian-21 origin A. phagocytophilum. This suggests that the repertoire of outer membrane 22 protein variants that can potentially be expressed globally by A. phagocytophilum 23 is very large. The great flexibility of this organism, with respect to its genome 1 structure and its ability to infect diverse vertebrate and invertebrate hosts is 2 unusual for an organism of only 1.47 MB total genome size. 3
In an analysis of 116 total expression site variants encoding MSP2/P44 4 we identified matches with ≥90% identity to 36 genomic loci of the sequenced 5 U.S. HZ strain of A. phagocytophilum and matches of 100% identity to 18 loci. 6
These loci have been annotated as two different gene classes; either full-length 7 or silent/reserve genes (14). The presence of sequence from both classes in the 8 expression site supports the previous suggestion that either class can donate 9 sequence to the expression site to generate outer membrane protein diversity 10 Only 5/19 wood rat variants could be matched to known genome loci, in 21 contrast to matching of nearly all variants isolated directly from humans or bears, 22 or grown in culture. The human variants were derived from acute, clinically 23 symptomatic cases. Although the times of infection of the wood rats are not 1 known, these animals undergo persistent infections with A. phagocytophilum and 2 have been implicated as a potential reservoir species (17). Therefore, it is likely 3 that the wood rat samples contain organisms more representative of long-term 4 infections. The shared blocks of sequence found throughout the hypervariable 5 region in variants derived from different wood rats suggests that segmental gene 6 conversion may introduce more complex mosaics into the expression site, as has 7 been shown in A. marginale (9) . If similar to A. marginale, the basic pseudogene 8 repertoire may be expressed earlier in infections without extensive recombination 9 among hypervariable region sequences (21). Therefore, to resolve this question 10 definitively will require the analysis of long-term infections in reservoir hosts 11 experimentally infected with a genome-sequenced strain of A. phagocytophilum. three-dimensional structure is known for any of these; therefore an important 10 priority for future research should be to crystallize these outer membrane 11
proteins and obtain complete structure. This would allow a better interpretation 12 of the biological significance of the most variable and more conserved framework 13 residues. The data presented here should allow the correlation of sequence 14 changes with structure and with effects on immune evasion and host cell binding. 
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